Global climate change is expected to impact drinking water quality through multiple weather-related phenomena. We conducted a systematic review and meta-analysis of the relationship between various weather-related variables and the occurrence and concentration of Cryptosporidium and Giardia in fresh surface waters. We implemented a comprehensive search in four databases, screened 1,228 unique citations for relevance, extracted data from 107 relevant articles, and conducted random-effects meta-analysis on 16 key relationships. The average odds of identifying Cryptosporidium oocysts and Giardia cysts in fresh surface waters was 2.61 (95% CI ¼ 1.63-4.21; I 2 ¼ 16%) and 2.87 (95% CI ¼ 1.76-4.67; I 2 ¼ 0%) times higher, respectively, during and after extreme weather events compared to baseline conditions. Similarly, the average concentration of
INTRODUCTION
Global climate change is expected to impact water quality through multiple processes, including gradual temperature increases, changes in seasonal and weather patterns, and increased frequency and intensity of extreme weather events such as excess rainfall, floods, and droughts (Ebi et al. ; Lal et al. ; Cann et al. ) . For example, a recent systematic review found a consistent, seasonal increase of cryptosporidiosis and giardiasis in temperate, developed countries during the summer months (Lal et al. ) , and a meta-analysis of global cryptosporidiosis cases identified an increased incidence associated with seasonal air temperature and precipitation patterns (Jagai et al. ) . These associations may be affected by various ecological processes, including prolonged seasonal periods suitable for (oo)cyst transmission and increased contamination of drinking water sources due to excess rainfall and storm water runoff, the latter of which could also compromise the efficacy of water treatment plant filtration and disinfection measures (Kistemann et Quantitative microbial risk assessment (QMRA) models can be used to characterize and predict the risks of illness due to Cryptosporidium, Giardia, and other pathogens under various climate change scenarios in order to inform risk management and decision-making about potential mitigation and adaptation strategies (Schijven et al. ; Smith et al. ) . In Canada, a predictive modeling framework that includes several QMRA model case studies was developed to project the potential effects of climate change and adaptation measures on food and water safety (Smith et al. in press). One of these case studies estimated risks from climate change impacts on Cryptosporidium and Giardia contamination of drinking water in a northern community (Smith et al. in press) A systematic review is a knowledge synthesis method used to identify, critically appraise, and integrate published research evidence about a clearly defined topic, and metaanalysis is a statistical method that can be used to combine data from multiple individual studies identified in a systematic review (EFSA ; Higgins & Green ; Rajić & Young ) . Systematic reviews and meta-analyses are widely considered the most reliable sources of research evidence to inform risk analysis and decision-making because results are more precise and have a lower risk of bias compared to individual primary research studies (EFSA ; Higgins & Green ; Rajić & Young ) . In addition, they use more transparent and replicable methods than traditional, ad hoc literature reviews (Waddell et al. ) . For these reasons, there is increasing international momentum to integrate systematic review and meta-analysis methods with QMRA and other decision-analysis tools for food and water safety (EFSA ; Rajić & Young ). The purpose of this study was to conduct a systematic review and metaanalysis of the effects of weather-related variables potentially affected by climate change on the occurrence and concentration of Cryptosporidium oocysts and Giardia cysts in fresh surface waters. The primary objective was to quantify estimates of the association between key weatherrelated variables and these pathogens to inform climate change adaptation QMRA models.
METHODS

Review question and scope
We conducted the systematic review in accordance with a protocol that was developed a priori and contained details on the review methods and procedures described herein, including screening and extraction forms (EFSA ; Higgins & Green ; Rajić & Young ). Our review question was: 'What are the relationships between extreme weather events and other key weather-related variables and the occurrence and density of Cryptosporidium oocysts and Giardia cysts in fresh surface waters?' The review was conducted as one of two complementary systematic reviews to inform QMRA model case studies considered during the development of a risk modeling framework (Smith et al. in press). Therefore, the review screening and extraction forms were developed to assess a range of other review questions relevant to the framework.
Search strategy
We developed a search algorithm by extracting key terms from the titles and abstracts of 10 potentially relevant articles identified a priori. Terms were combined in a reproducible search algorithm that was pre-tested in Scopus and designed to capture all 10 pre-identified articles. The final algorithm con- We also conducted a search for gray literature (e.g., theses and research reports) using the Scopus web search feature on the same date and using the same search algorithm described above. For pragmatic reasons, we searched only the first 100 of these hits that were automatically sorted by relevance by the search platform. To identify any additional relevant articles potentially missed by the search, we reviewed the references lists of the 20 most recently published relevant articles and 10 related literature reviews (list of articles available as Supplementary material).
The search strategy was developed with the assistance of an information specialist.
Relevance screening
The titles and abstracts of all identified citations were screened for relevance using a structured form that was developed a priori (Supplementary material). The form contained one key inclusion question to determine whether citations described primary research investigating the relationship between weather-related variables potentially affected by climate change and the occurrence or concentration of Cryptosporidium oocysts or Giardia cysts in fresh surface waters. Relevant weather-related variables included extreme weather events (e.g., storms and heavy rainfall), precipitation, air and water temperature, water turbidity and flow rate, relative humidity, wind speed, cloud coverage, and sunlight exposure (Semenza et al. b) .
Citations were excluded if they did not describe any of these variables, if they described intervention research (e.g., treatments to reduce protozoan contamination of water sources), if the research was not conducted under field conditions, or if they described research investigating only non-water sources or marine, brackish, groundwater, raw wastewater, or treated water sources.
Article characterization and data extraction
Potentially relevant articles were procured and confirmed for relevance using an article characterization and data extraction form developed a priori (Supplementary material). The form contained 23 questions about article and study characteristics, including publication date; study location; study design; sampling and laboratory procedures;
weather-related variables, pathogens, and sample types investigated; and risk-of-bias and reporting criteria. The form also included a separate section for extraction of quantitative outcome data reflecting the relationships between any of the weather-related variables of interest and Cryptosporidium oocysts or Giardia cysts in fresh surface waters.
Articles in languages other than English, French, or Spanish were excluded due to limited resources for translation.
Review management
All citations identified through searches were entered into the online reference manager RefWorks (Thomson ResearchSoft, Philadelphia, PA) and duplicates were removed using the automatic function and manually. Unique citations were then imported into the web-based, systematic review software program DistillerSR (Evidence Partners, Ottawa, ON) for screening, characterization, and extraction. The forms used for relevance screening and article characterization were pre-tested on a selection of 30 abstracts and five articles, respectively. Reviewing proceeded only when consistent inclusion and exclusion agreement was achieved between reviewers (kappa >0.8). All stages of reviewing were performed by two independent reviewers. Discrepancies or conflicts between reviewers were resolved by consensus.
Meta-analysis
Random-effects meta-analysis was conducted on unique data subsets with sufficiently reported and comparable outcomes from !2 articles in the following three summary formats: prevalence data; concentration data; and correlation data. A total of four meta-analyses were conducted on prevalence and concentration data subsets reflecting the difference between the occurrence (presence/absence) and density ([oo] cysts/100 L), respectively, of Cryptosporidium oocysts and Giardia cysts identified during extreme weather events (e.g., excess precipitation or storm water runoff) compared to baseline (e.g., normal or dry) weather conditions. The specific definition and criteria for an All meta-analysis models were developed using the Der- 
For concentration data, Cryptosporidium oocysts and
Giardia cysts were not detected in 20 and 25% of observations, respectively, in one of the comparison groups;
therefore, a constant value of 1.00001 was added to these datasets before the logarithmic transformation to allow inclusion of all comparisons. A sensitivity analysis was conducted on these results by comparing the meta-analysis findings to an analysis that excluded comparisons with zero counts. In addition, for comparison purposes, we conducted a meta-analysis of concentration data using a random-effects Poisson regression model (Bagos & Nikolopoulos ) . In these models, protozoan counts in (oo) cysts/100 L from each study were treated as incidence rate data, with average effect estimates calculated as incidence rate ratios (Bagos & Nikolopoulos ) . The models included a dichotomous indicator variable to represent the exposure effect (1 ¼ extreme weather event and 0 ¼ baseline conditions) and a random coefficient for the study compari-
son. These models were conducted using the methods described by Bagos & Nikolopoulos () .
Heterogeneity in the meta-analyses was assessed using the Q statistic chi-squared test and 
Meta-regression
Meta-regression was conducted on meta-analysis data sub- excluded the null. Meta-regression was conducted using Stata 10.
Quality-of-evidence assessment
Each meta-analysis data subset was assessed for its overall quality-of-evidence using a modified version of the Cochrane 
RESULTS
Characteristics of relevant articles
A total of 1,228 unique citations were identified and screened for relevance, of which 165 were procured and characterized, and 107 were confirmed as relevant (Figure 1 ). The characteristics of the relevant articles are shown in Table 2 , and a citation list of these articles is available as Supplementary material (available online at http://www.iwaponline.com/ wh/013/079.pdf). The median publication year among relevant articles was 2006 (range 1988-2013) . Most of the 107 relevant articles reported on observational studies conducted in North America (37%) and that used a longitudinal sampling design (71%). The risk-of-bias and reporting criteria of the 107 relevant articles are shown in Table 3 . Most relevant articles sufficiently reported their sampling methods and procedures (90%), but nearly 70% reported at least some of their quantitative outcomes in a format insufficient for extraction and potential use in meta-analysis (Table 3) .
Meta-analysis results
The meta-analysis results are shown in Table 4 . The average odds of identifying Cryptosporidium oocysts and Giardia cysts in fresh water sources was 2.61 and 2.87 times higher, respectively, during and after extreme weather events compared to baseline weather conditions (Table 4) . Similarly, the average concentration of
Cryptosporidium and Giardia identified in fresh water sources during and after extreme weather events was approximately 4.38 oocysts/100 L and 2.68 cysts/100 L higher, respectively, compared to baseline conditions ( (Table 4) .
Meta-regression results
The results of the meta-regression analyses are shown in articles (e.g., theses and reports) were more likely to report an opposite, negative correlation ( Table 5 ). Studies that reported using US EPA Methods 1622 or 1623 to identify pathogens were more likely to report a weaker correlation between water turbidity and Cryptosporidium density than studies that did not use these methods (Table 5 ). Studies that reported at least some of their quantitative outcome data in formats insufficient for extraction and potential use in meta-analysis were more likely to report a larger negative correlation between water temperature and Cryptosporidium and Giardia densities, as well as a larger positive correlation between water flow rate and Cryptosporidium, compared to studies that reported all of their outcome data in a sufficient format for extraction (Table 5) . No significant covariates were identified for the relationship between extreme weather events and Giardia concentration and the correlation between water flow rate and Giardia density (Table 5 ). 
DISCUSSION
We identified consistent relationships between the occurrence and concentration of Cryptosporidium oocysts and
Giardia cysts in fresh surface waters during and after extreme weather events compared to baseline weather conditions (Table 4) . During these conditions, excessive rainfall and runoff can mobilize pathogens from point and non-point sources and can cause their re-suspension from sediments, 
).
Several factors were identified in meta-regression analyses that explained some of the variability associated with Reported estimates of effect have been back-transformed to their original scale: OR for prevalence data, MD in (oo)cysts/100 L for concentration data, and r for correlation data. The back-transformed MD values should be considered only approximations due to the addition of a constant value of 1.00,001 to the original dataset to incorporate zero values. The explanation of the GRADE ratings is as follows (Guyatt et al. 2011; Higgins & Green 2011) : Very low ¼ the true effect is likely to be substantially different from the measured estimate of effect; Low ¼ the true effect may be substantially different from the measured estimate;
Moderate ¼ the true effect is likely to be close to the measured estimate, but there is a possibility that it is substantially different;
High ¼ strong confidence that the true effect lies close to that of the measured estimate. Improvements to stormwater management and the infrastructure and capacity of drinking water facilities could also mitigate the impacts of extreme weather events, particularly for smaller systems with inadequate filtration and disinfection measures. Other risk mitigation strategies could include limiting the uptake of surface water, issuing boil-water advisories, or using additional barriers (e.g., enhanced filtration or treatment) during and immediately after extreme weather events (Health Canada ). Further evaluation of these and other mitigation and adaptation strategies is warranted (Smith et al. in press) .
It is possible that some potentially relevant articles were not included in this review because they were not indexed within the bibliographic databases included in our initial search. Moreover, a more comprehensive search of additional sources of gray literature (e.g., using search engines such as Google or by contacting and searching the websites of targeted organizations) could have yielded additional data. We attempted to minimize this potential bias through our search verification strategy of hand-searching the reference lists of a selection of relevant articles and reviews. A related limitation is that we were only able to review articles in English, French, and 
CONCLUSION
We used systematic and transparent methods to synthesize the available research knowledge on the relationship between key weather-related variables and Cryptosporidium and Giardia in fresh surface waters. Random-effects metaanalysis of study outcomes indicated that the average prevalence and concentration of both pathogens was higher when sampling was conducted during or immediately after extreme weather events compared to baseline conditions; these results can be used as credible and reliable inputs for QMRA models of the impact of climate change adaptation on the risks of cryptosporidiosis and giardiasis in humans.
Meta-analyses of correlations indicated that there is no single weather-related variable that is a reliable and universal predictor of either pathogen in fresh surface waters.
Further research is warranted to investigate these effects and potential risk prevention and mitigation strategies in different contexts and settings.
